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Abstract 12 
A range of methods exist to assess the condition of steel reinforcement in concrete. The analysis of 13 
the transient response to a small perturbation has been employed successfully in laboratories to 14 
assess corrosion. This work examines a simplified method for the application of transient analysis to 15 
in-situ reinforced concrete structures. The complex analysis has been simplified and undertaken with 16 
the use of common spreadsheet packages. The results illustrate that transient response analysis is a 17 
viable technique for use on site and appears to provide a more accurate representation of steel 18 
corrosion current densities at very low values than polarisation resistance.  19 
 20 
Keywords: Concrete (A), steel reinforced concrete (A), EIS (B), polarization (B), cathodic protection 21 
(C). 22 
 23 
Introduction 24 
The study outlines a trial of transient response analysis on full-scale motorway bridge structures to 25 
obtain information concerning the steel-concrete interface and is part of a larger study to assess the 26 
long-term sustained benefits offered by Impressed Current Cathodic Protection (ICCP) after the 27 
interruption of the protective current [1]. These structures had previously been protected for 5 to 16 28 
years by an ICCP system prior to the start of the study. The protective current was interrupted, in 29 
order to assess the long-term benefits provided by ICCP after it has been turned off. This paper 30 
develops and examines a simplified approach for the on-site use of transient response analysis and 31 
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discusses the potential advantages of the technique as a tool for the assessment of the corrosion 32 
condition of steel in reinforced concrete structures.  33 
 34 
Theoretical background 35 
Impedance has been used previously to obtain corrosion information regarding the steel-concrete 36 
interface [2-3]. To obtain this information, data is required at very low frequencies (mHz – μHz) [2-5]. 37 
The conventional method of obtaining impedance is to subject the specimen to a cyclic perturbation at 38 
the frequency of interest and analyse the response [2, 6]. However, at very low frequencies it is 39 
preferable to subject the specimen to a perturbation and analyse its response resulting from the 40 
perturbation [7-10].  41 
 42 
The steel-concrete system can be described in the form of an electrical circuit. A common and simple 43 
approach is the use of the Randle’s circuit (Figure 1a). This analysis characterises the steel-concrete 44 
interface with a polarisation resistance (Rp), interfacial capacitance (C) and electrolyte resistance (Re). 45 
Rp can be directly associated with the steel corrosion current density (Icorr) [11-12]. The validity of the 46 
simple Randle’s circuit to adequately represent the steel-concrete interface is still subject to debate. 47 
Impedance data may appear to produce a distorted or flattened semi-circle and at high frequencies a 48 
second semi-circle may appear [7]. 49 
 50 
A number of alternative electrical circuits have also been proposed incorporating additional 51 
components in order to obtain a better fitting of the experimental data, as shown in Figure 1b, 1c and 52 
1d [13-16]. These additional components improve the fit of the data because each component 53 
represents an additional variable that may be adjusted to improve the fit.  54 
 55 
Impedance data may be presented in a Bode plot of the response function of a linear-time invariant 56 
system versus frequency or a Nyquist plot as a parametric plot of a transfer function, with the latter 57 
most commonly used [17]. The shape of the impedance plane on a Nyquist plot gives an indication 58 
regarding the accuracy of the model. A near perfect semi-circle will indicate that the impedance 59 
response corresponds to a single activation-controlled process (Figure 1a), a depressed semi-circle 60 
will indicate a need for parallel components  (Figures 1b and 1c) model and multiple semi-circles in 61 
general indicates a series of components (Figure 1d) [17]. 62 
 63 
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In this work the simplified Randle’s circuit has been applied due to its simplicity for data analysis [7, 64 
15]. This approach provides an estimate of the corrosion condition in critical sections of the structure 65 
and is particularly suitable for use on full-scale site structures due to its simplicity. Feliu et al. [18] also 66 
support the use of a simplified abstract representation of the system in order to interpret its 67 
fundamental properties as opposed to a more accurate but significantly more complex circuit model.   68 
 69 
Transient response analysis is used to overcome the complexity of the frequency response analysis 70 
and simplified for use on site. Transient analysis is the analysis of the response of an electrode after 71 
the application of a short pulse over a period of time. 72 
 73 
Transient data analysis 74 
Laplace transformation is used to convert data on the time domain to data on the frequency domain. 75 
This transformation may be expressed as [19]: 76 
I
V
Z       (Eq. 1) 77 
The Laplace transformations of V  and I can be written as [3]:  78 
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where ΔE is the difference in potential, I is the current, t is the time and ω is the range of angular 81 
frequencies of interest. 82 
 83 
When the highest frequency of interest has a period which is much greater than the period of the pulse 84 
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where ω’ is the highest frequency of interest, T is the period of the pulse and Q is the charge. 88 
 89 
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Under these conditions the Laplace transformation of the current perturbation will be the charge. 90 
 91 
Equations 1 and 2 can be solved using standard spreadsheet packages and is illustrated as follows: 92 
i. ΔE and I are measured from the transient data obtained on site. A typical representation is 93 
given by Figure 2a. The data is a set of discrete points. 94 
ii.  The voltage transformation from Equation (2) is a function of the angular frequency (ω), in 95 
the range of frequencies of interest. Figure 2b illustrates a typical example of the contents 96 
of the real integral of Equation (2) at a selected value of ω = 0.04Hz.  97 
iii. Figure 2c illustrates a typical example of the contents of the imaginary integral of Equation 98 
(2) at a selected value of ω = 0.04Hz.  99 
iv. The real and imaginary integrals can be calculated simply by the respective areas under 100 
the curves in Figures 2b and 2c. For equally spaced points, it is calculated as the sum of 101 
the points multiplied by the spacing (seconds) between the points. 102 
v. The real and imaginary parts of equation (2) can then be divided individually by the charge 103 
to obtain the impedance for this particular angular frequency. 104 
vi. This gives a point on the Nyquist plot at a selected value ω = 0.04Hz. The real integral 105 
divided by the charge provides the x-axis value and the imaginary integral divided by the 106 
charge provides the y-axis value (Figure 2d). 107 
vii. The above procedure can be repeated at different angular frequencies (ωx) in order to 108 
obtain the impedance spectrum. The procedure provides a suitably simplified analysis 109 
process for use with site data. 110 
 111 
For very low frequencies where 0ω  equation (2) may be simplified further as follows: 112 



0
)d(Δ ttEV      (Eq. 5) 113 
 114 
Therefore equation (1) becomes:  115 
 116 
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 118 
The impedance value of equation (6) is given by the area under the curve of Figure 2a for the potential 119 
transient divided by the charge (DC resistance). The low-frequency real axis intercept (highest x-axis 120 
value of the semi-circle) represents the polarisation resistance (Rp) and electrolyte resistance (Re). 121 
The high-frequency real axis intercept (lowest x-axis value of the semi-circle) represents the 122 
electrolyte resistance (Re). Applying a short pulse and measuring the potential decay after the pulse 123 
has been applied eliminates the effect of Re in the measurement process. 124 
 125 
The observed peak in the Nyquist plot is the characteristic frequency of the structure from which useful 126 
information about the corrosion state of the reinforcement can be obtained. The characteristic 127 
frequency of the steel-concrete interface (fc) can be obtained from the following Equation [3]: 128 
 129 
CR
f
p
c
2π
1
        (Eq. 7) 130 
 131 
The highest frequency is limited by the period of the pulse. The lowest frequency is not limited if we 132 
can assume that after the potential has decayed to the rest potential there is no contribution from the 133 
remaining area under the transient.  134 
      135 
Care must be taken however, as for some models the above assumptions will not be true. In these 136 
exceptions, transients should be measured for a period which is longer than the period which is longer 137 
than the lowest period of the frequency of interest.  138 
 139 
Having obtained impedance information for the steel-concrete interface, it is also possible to calculate 140 
the corrosion current density of the section as it is inversely proportional to the polarisation resistance 141 
[5, 11]. 142 
p
corr
R
B
I            (Eq. 8) 143 
where B is a constant of the metal/electrolyte system depending on the Tafels constants of the 144 
polarisation curves. For steel in concrete and in particular site uses, a value of 26mV is typically 145 
usually used for simplicity [5, 7, 11, 20]. 146 
 147 
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Experimental Procedure 148 
A number of steel-reinforced concrete structures were selected to identify the long-term benefits 149 
afforded by ICCP. All the structures had their protective current interrupted for a period of 36 months 150 
(since October 2007) in order to evaluate these long-term benefits [1]. A total of 10 structures were 151 
selected based on the age of the installed ICCP system, accessibility and chloride levels. All 152 
structures selected for this study were protected by ICCP and the anode system comprised a 153 
conductive anode coating. The anode systems were from varying anode suppliers and this helped to 154 
also assess their relative performance and durability. 155 
 156 
Samples for chloride analysis were collected to identify areas of residual risk. The locations of testing 157 
were in original un-repaired concrete and the chloride contents are expressed as weight percent of 158 
cement and for a depth of 25 to 50 mm where the reinforcement is present (Table 1). From the results 159 
it can be observed that there were several locations within the structures where the chloride content at 160 
the depth of the reinforcement was sufficiently high to pose a corrosion risk following interruption of 161 
the protective current. 162 
 163 
Based on the chloride sampling at the depth of reinforcement, 2 locations representative of high 164 
corrosion risk for each structure were selected for further monitoring. These locations, of an 165 
approximate area of 0.35 m
2
, were cleaned and had the old conductive coating anode removed. 166 
Following cleaning, a new conductive coating anode (coloured black) was installed as shown in Figure 167 
3. One Ag/AgCl/0.5 M KCl reference electrode was installed in the middle of each anode segment to 168 
assess the steel potential shift.  169 
 170 
The existing anode segment acts as a counter electrode and the rest of the anode system acts as a 171 
guard ring (Figure 3) to confine a current perturbation of the anode segment to the steel below the 172 
anode segment during the corrosion rate measurement process [1].  173 
 174 
The technique limits the edge effects of a current perturbation applied from a counter electrode to the 175 
concrete structure by also applying current from a guard electrode surrounding the counter electrode. 176 
The guard ring method for confinement of the current in a localised area is a popular and successful 177 
technique used in laboratory and site applications [7, 21-24]. The method allows corrosion monitoring 178 
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of selected localised areas of a large reinforced concrete structure. Minimising edge effects is 179 
particularly important when the steel reinforcement is passive. 180 
 181 
The full testing arrangement developed is illustrated in Figure 4. Briefly the main elements were the 182 
existing power supply enclosure located at ground-level, the existing ICCP enclosure at high-level, the 183 
monitored anode segment and a new enclosure at high-level to facilitate the new connections to the 184 
system [1]. The current density delivered by the guard electrode was adjusted to be the same as that 185 
delivered by the counter electrode. 186 
 187 
At each site visit two tests were undertaken on each structure. During the first test, the system 188 
received a short charge of approximately 5 seconds, and the potential decay was recorded at 1 189 
second intervals with use of a data logger for a period up to 15 minutes.  190 
 191 
The second test involved applying a perturbation to the structure for a longer period of approximately 192 
10 minutes. The data logger was used again to record the polarisation of the structure. The data 193 
collected was then used to undertake polarisation resistance analysis. 194 
 195 
Analysis 196 
A pattern arose from the potential decay data recorded during the transient response testing: the 197 
structures exhibited a relative long potential decay back to their pre-pulse rest potential. This is 198 
consistent with data reported by others for passive reinforcement [3, 25-27]. Figure 2a illustrates 199 
typical potential decay data. This provides a basis for a criterion for use on site to quickly determine 200 
the corrosion state of reinforcement. Steel potentials were measured against a Ag/AgCl/0.5 M KCl 201 
reference electrode. 202 
 203 
From the analysis of the potential transients a set of data was obtained for each structure in the 204 
present study over a period of 31 months. Figure 5 illustrates typical Nyquist plots arising from the 205 
analysis of transients obtained from one site visit for all structures. The results illustrate high 206 
polarisation resistance (Rp) values in the range of 51 to 210 Ω.m
2
 and very low characteristic 207 
frequencies (f) in the region 1 to 5 mHz. It can be observed that the associated Icorr are very low 208 
indicating passive reinforcement. By comparison, linear polarisation resistance analysis calculated the 209 
corrosion current density to be 0.03 mA/m
2
 whereas a corrosion current density of 0.15 mA/m
2
 was 210 
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obtained from the transient response analysis. The data obtained in other studies [28-29] also 211 
supports that non-corroding reinforcement will have very low characteristic frequencies and high 212 
polarisation resistance values.  213 
 214 
Figure 6 plots the associated corrosion current densities based on transient response analysis of all 215 
10 structures as a function of time over a period of 30 months. It can be observed that all the 216 
structures retained their passive condition despite several locations having a high residual chloride 217 
content. At the same time corrosion current densities were also monitored based on the polarisation 218 
resistance testing as part of the previous work [1]. Figure 7 illustrates the results of polarisation 219 
resistance testing over a period of 36 months. Both the polarisation resistance and transient analysis 220 
data suggest that the steel remains passive. 221 
 222 
Looking at the corrosion current densities obtained for structure A3 (Figure 8), it can be observed that 223 
transient analysis provided more consistent data than polarisation resistance with regards to the 224 
corrosion status of the monitoring locations on the structure. Occasionally, polarisation resistance 225 
returned unrealistically low corrosion current densities, something that was observed on other 226 
structures too. 227 
 228 
Figure 9 compares the results obtained from polarisation resistance and transient response analysis in 229 
a histogram. It can be observed that polarisation resistance consistently produced very low corrosion 230 
current densities. It is noted that these data are provided with no check on whether the corrosion 231 
current densities measured, actually do represent the corrosion rates. This is a set of measurements 232 
taken from full scale bridge structures and an assumption is made that the information drawn from the 233 
method gives indeed the true corrosion rate. 234 
 235 
Table 2 then illustrates typical corrosion current densities for all 10 structures and their calculated 236 
interfacial capacitance. It can be seen that corrosion current densities for non-corroding structures are 237 
in general associated with high polarisation resistance, low interfacial capacitance and very low 238 
characteristic frequencies. Similar findings have been reported by others [3, 29]. 239 
 240 
Discussion 241 
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Impedance information arising from potential transients can produce useful information concerning the 242 
corrosion state of steel reinforcement. The results obtained during this study confirm the previously 243 
reported findings [1] that there is a low corrosion risk from all structures examined despite 36 months 244 
of no protection. Furthermore, the impedance spectra obtained on-site from full-scale reinforced 245 
concrete structures are similar to published data obtained on passive specimens in laboratory testing 246 
confirming the passive status of the steel reinforcement [3, 26, 30]. The complex analysis required for 247 
impedance has been simplified and successfully applied to full-scale site structures and undertaken 248 
with common spreadsheet packages. 249 
 250 
The data collected from transient response analysis indicated that all structures had a relatively long 251 
potential decay of approximately 10 minutes back to their rest potential after the application of a short 252 
perturbation. Passive steel reinforcement can be associated with a relative long potential decay (>10 253 
mins) back to its rest potential after the application of a short (<5 s) current pulse. It is postulated that 254 
this could be developed into a rapid technique for assessing the corrosion condition of reinforced 255 
concrete structures on site and idea also supported by others [27]. 256 
 257 
Polarisation resistance in general returned more frequently extremely low Icorr values as opposed to 258 
transient response analysis. This indicates the possibility that polarisation resistance may under-259 
estimate the corrosion current densities or transient response analysis may over-estimate them. The 260 
differences observed may be explained by the size of the data set, polarisation resistance effects and 261 
the length of perturbation. 262 
 263 
Transient response analysis is based on a large amount of data collected over a specific time period, 264 
typically in excess of 300 points, whereas with polarisation resistance the data collected is focused at 265 
two points only, i.e. the start and the end of the testing. The larger data set helps reduce scatter, which 266 
may be a problem for site data. 267 
 268 
Polarisation resistance measurements are obtained while current is applied, whereas for transient 269 
response analysis all the data are collected after the current perturbation has been applied and as 270 
such they do not include the effects of the resistance of the concrete (Re). Therefore, corrosion current 271 
densities through polarisation resistance analysis have to be compensated for IR effects. Furthermore, 272 
the perturbation applied during polarisation resistance is over a greater time and of higher average 273 
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magnitude than the perturbation for the transient response analysis, which also might affect the 274 
results. 275 
 276 
Capacitance of the steel concrete interface was not directly measured as part of this work but it was 277 
calculated based on the characteristic frequency and the polarisation resistance of the structure. The 278 
calculated interfacial capacitance was found to be significantly lower than that reported for active steel 279 
in other studies [3, 29, 31]. It is postulated that the presence of an intact passive oxide film contributes 280 
to this effect. 281 
 282 
Conclusions 283 
1) The analysis of transients to obtain information on the corrosion condition of steel in concrete 284 
has been successfully applied to full-scale site structures for the first time. The complex 285 
analysis required for impedance can be simplified and can be undertaken with the use of 286 
common spreadsheet packages. Polarisation resistance which is related to the corrosion 287 
current density is equal to the area under a potential time transient divided by an area under a 288 
current pulse perturbation which was applied to produce the potential transient. 289 
2) Passive steel reinforcement is associated with a relative long potential decay (>10 mins) back 290 
to its rest potential after the application of a short (<5 s) current pulse. It is postulated that this 291 
could be developed in the future into a rapid technique for assessing the corrosion condition of 292 
reinforced concrete structures on site. 293 
3) At low corrosion current densities (up to 2 mA/m
2
) transient response analysis appears to 294 
provide more accurate data than that obtained from the polarisation resistance analysis. 295 
Possible reasons for this include the analysis of a larger data set to obtain the transient 296 
response, the use of a smaller perturbation and the removal of the concrete resistance. 297 
4) The interfacial capacitance (C) calculated from the characteristic frequency of the structures 298 
appears to be lower than that published for corroding structures. It is postulated that the 299 
presence of an intact passive oxide film contributes to this effect. 300 
 301 
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 381 
Figure Captions 382 
Figure1: Various electrical circuits to simulate the steel concrete interface, (a) Randle’s circuit, (b) 383 
modified Randle’s circuit holding two time constants [14], (c) model proposed by Feliu et al. [15], (d) 384 
model proposed by John et al. [16]. 385 
Figure 2: Graphical representation of the calculations involved in converting transient data into 386 
impedance (ω > 0) and resistance (ω = 0). 387 
Figure 3: Guard ring arrangement on a reinforced concrete motorway cross beam 388 
Figure 4: Testing arrangement [1] 389 
Figure 5: Nyquist plots arising from transient analysis for all ten structures 390 
Figure 6: Corrosion current densities from transient response analysis over a period of 30 months 391 
Figure 7: Corrosion current densities from polarisation resistance testing over a period of 36 months 392 
[1] 393 
Figure 8: Corrosion current densities for structure A3 obtained from polarisation resistance testing 394 
against transient analysis 395 
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Figure 9: Return of results from transient response and polarisation resistance analysis. (Note: 396 
Frequency is dimensionless and the x-axis does not cover equal-interval or numerically consistent 397 
divisions of the x axis. The graph should not be read as a quantitative distribution or histogram). 398 
 399 
Tables 400 
Structure 
Reference 
Year of 
Installation 
Age of 
structure at 
testing (years) 
Locations with Cl- 
greater than 1% by 
weight of cement 
(at depth of steel) 
No of 
test 
locations 
Locations with Cl- 
greater than 0.4% by 
weight of cement 
(at depth of steel) 
A1 1991 40 2 4 4 
A2 1995 40 2 5 3 
A3 1995 40 2 5 5 
B1 1996 40 3 6 4 
B2 1998 40 1 5 4 
B3 1998 40 2 5 3 
B4 1998 40 2 5 3 
C1 1999 40 0 5 2 
C2 2002 40 0 5 1 
C3 2000 40 0 5 1 
Table 1: Details of the 10 structures investigated by Christodoulou et al. 2010 [1]. 401 
 402 
Table 2: Calculated capacitance and corrosion current densities based on impedance analysis 403 
Structure 
Reference 
Locations with Cl- 
greater than 1% by 
weight of cement 
Characteristic 
Frequency (f) 
Hz 
Polarisation 
Resistance (Rp) 
Ω.m
2
 
Corrosion Current 
Density (Icorr) 
mA/m
2
 
Capacitance (C)  
F/m
2
 
A1 2 0.005053 84 0.31 0.37 
A2 2 0.00171 51 1.12 1.42 
A3 2 0.0015 152 0.13 0.70 
B1 3 0.0019 69 1.26 1.21 
B2 1 0.0066 192 0.27 0.13 
B3 2 0.000783 431 0.07 0.47 
B4 2 0.003 112 0.23 0.47 
C1 0 0.00215 209 0.12 0.35 
C2 0 0.0018 477 0.05 0.19 
C3 0 0.001052 179 0.15 0.85 
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Highlights 1 
 On-site transient analysis of concrete structures for corrosion assessment 2 
 ICCP system turned off to investigate its long-term secondary protective effects 3 
 The complex analysis can be simplified and undertaken with common spreadsheet packages 4 
 Passive steel shows a long potential decay back to its rest potential after a short perturbation 5 
 Transient analysis may provide more accurate information than polarisation resistance 6 
